The computational domain is limited to:
-2_x_3
(3) This problem is to be solved with either the linearized or the full Euler equations.
The output requested is: (1) the real and imaginary component of the pressure jump across the airfoil, and (2) the intensity of the radiated sound ,52 at the inflow and outflow boundaries.
Governing

Equations and Numcri¢_d Formulation
The conservative 2-D Euler equations in Cartesian coordinates are given as:
where p = (7-1)(E 12-_p(u +v2)) (
The numerical solver is a high-order accurate finite-difference time-domain scheme. 
The normal flux term is then linearized and decomposed into 1-D characteristics:
where the overbar terms denote mean quantities. Thus, at the outflow boundary,
However, the incoming vortical gust must be specified at the inflow boundary.
this,
To accomplish
These characteristics given in Eq. (7) represent, respectively, the left-running acoustic wave, the entropy wave, the vorticity wave, and the right-running acoustic wave. In Thompson Once the characteristics are determined, the time derivatives of the primitive variables are given as:
Pt "_"
(2(C2)t+ (Ci)t+ (C4)t)
With the primitive variables now known, the time derivative of the conserved variables are calculated as:
(PU)t= Out+ _Pt To apply the Giles boundary condition, the interior equations are used at the boundary to compute the time derivatives. The 1-D characteristics are then defined as:
The outgoing characteristics are left unchanged, but the incoming characteristics are modified.
At the inflow boundary, (%)y = _2P'r-P'r (C3)y = Oev'y (c4)y = p'y + 0_u'y (13) The time derivatives of the characteristics are computed using:
To account for the incoming vortical gust, the variables are decomposed as shown in Eq. (9).
Once the time derivatives of the characteristics are known, Eqs. (10) and (11) 
The incoming characteristic is updated as: The inflow boundary condition takes the following form:
Here, f and g are the correction equations, which are given by:
where II (20) (e2__2)(.
For the inflow condition, the prime terms are defined in Eq. (9) .
The ouflow condition is written as:
Here, the correction equations are given by: 
For the outflow equations, the prime terms are defined in Eq. (8).
4) Perfectly Matched Layer
In the Perfectly Matched Layer (PML) boundary condition, a numerical 'sponge layer' is constructed which surrounds the domain of interest. When a wave propagates into this layer, it is damped with little reflection regardless of the angle of incidence or the wavelength of the incident wave.
The PML used here is that of Abarbanel and Gottlieb 25. In their approach, the Euler equations are linearized about a uniform mean flow in the x-direction. A transformation is applied to the equations, and a PML layer is constructed mathematically.
For the cascade problem, the sponge layer is only in the x-direction. The PML equations are given as:
Here, the a denotes the damping factor, which varies through the layer as: In all calculations, a 20-point PML layer was employed.
Numerical Results
Two tests were performed for each boundary condition.
In both tests, the mean flow was ini- Fig. 4 . Figure 5 illustrates the pressure error, which is mainly due to the boundary conditions reflecting the outgoing vorticity and the acoustic waves generated by the initial vorticity specification. From Figure 5 , the Thompson condition is giving a much worse solution than the other boundary conditions; the other boundary conditions have roughly equivalent levels of error.
2) Test Problem 2: Specified Domain Calculation
The next calculations were performed on the specified domain, which covered -2 < x < 3. All Some of the data is fragmentary; this is due to the lead author's inability to type while transferring data.
The Thompson boundary condition proved to be unstable due to reflections from the inflow boundary interacting with the cascade and initiating a feedback loop. Figure 6 illustrates the rapid buildup of pressure in the domain. The PML condition required extra points in the buffer zone; however, it did improve the solution at the boundary somewhat. Figures 8 and 9 show the RMS pressure results calculated using these boundary conditions.
All solutions were in the same range, with the PML boundary condition performing slightly better than the rest. It must be noted that these singularities are purely due to the infinitely thin airfoils prescribed it is expected that these singularities are the main factor causing the error on the airfoil. Future work will address the effects of real airfoil geometries.
3) Test Problem 3: Long Domain Calculation
To quantify the relative effect of the numerical singularites and the close boundaries on the computed solution, the same calculation was performed on a long domain (-8 < x < 9) using the same grid spacing and time step. For these calculations, which required much more CPU time to converge, only the Giles and PML boundary conditions were used. Figure 11 shows that the solu- on the airfoil dueto the numericalsingularitiesare causingthe amplitude error. However, the PML outflow condition is performing better than the Giles outflow condition, as shown in Fig. 13 . Figure 14 shows the effect of the extended domain on the pressure contours using the Giles boundary condition.
On the airfoil itself, the contours are nearly identical.
In the upstream direction, the contours become different as the inflow boundary is approached, showing that there is some reflection from the inflow boundary condition.
In the downstream direction, however, the contours diverge almost immediately after the trailing edge, suggesting that the outflow boundary condition is more reflective than the inflow.
Conclusions
Several boundary conditions were tested on a CAb, Workshop Benchmark Cascade problem.
The problem is very difficult due to numerical singularities in the problem specification as well as Since the problem in periodic in one direction, the ability of the boundary condition to allow acoustic and vortical waves to exit without reflection determines the stability and accuracy of the solution. It was found that the error due to the numerical singularities at the leading and trailing edges of the fiat plates kept the solver from obtaining the exact amplitude of the radiated sound; however, the reflected waves at the boundaries due to the boundary conditions kept the solver from obtaining the correct radiation pattern even though the airfoil pressure distribution was nearly identical.
Of the four boundary conditions tested, the Thompson condition was found to have the high- 
